The thermal decomposition kinetics of hexanitrohexaazaisowurtzitane/ ammonium perchlorate (HNIW/AP) have been investigated by thermogravimetrydifferential scanning calorimetry-mass spectrometry (TG-DSC-MS) simultaneous analysis. TG showed that there were three weight loss processes for the thermal decomposition of the HNIW/AP mixture. The first was ascribed mainly to the thermal decomposition of HNIW, while the second and third were assigned to that of AP. The presence of AP has little effect on the thermal decomposition process of the HNIW component. The apparent activation energy of the thermal decomposition of the HNIW component, calculated by the Kissinger method, was little changed compared to that of neat HNIW. The addition of HNIW to AP caused the onset and end temperatures of the thermal decomposition to be decreased and the decomposition process to be shortened. The high-temperature and lowtemperature decomposition processes of AP became blurred in the presence of HNIW, and this was supported by the MS results.
Introduction
2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (HNIW, CL-20) is a newly developed caged nitramine, which has a greater density, good chemical stability and better performance than cyclotrimethylenetrinitramine (RDX) and cyclotetramethylenetetranitramine (HMX) [1] . Ammonium perchlorate (AP) is the most common oxidizer in various propellant, explosive and pyrotechnic compositions [2] . It is predicted that HNIW/AP could be a substitute for HMX/AP or RDX/AP, which have been extensively prepared as explosive or propellant compositions [3] . Thermal behaviour has a serious effect on material macroscopic properties. Therefore, the thermal decomposition characteristics of HNIW/AP have to be studied systematically before it can be used widely.
Many papers have been published concerning the thermal decomposition of neat HNIW [4] [5] [6] or AP [7] [8] [9] [10] . However, few have addressed the thermal decomposition and reaction kinetics of the HNIW/AP mixture. Ding and her co-workers [5] studied the thermal decomposition characteristics of HNIW and AP in NEPE propellant by thermogravimetry (TG). The results showed that the decomposition temperature of AP was decreased because of the decomposition product of HNIW, while the presence of AP had little effect on the thermal decomposition process of HNIW. Bohn [6] investigated the thermal ageing of rocket propellant formulations containing HNIW and AP by heat generation rate and mass loss. However, no research has been related to the thermal decomposition kinetics of HNIW/AP mixtures. The performance of the explosives or propellants is highly relevant to the interaction between HNIW and AP. In this paper, the thermal decomposition characteristics of HNIW/AP were examined with the aid of a set of experimental devices, differential scanning calorimetry (DSC) − TG − mass spectrometry (MS).
Materials and Methods

Materials and characterization
Raw HNIW (Qingyang Chemical Industry Corporation, Liaoning Province, China) was recrystallized using ethyl acetate (analytical grade, Tianjin Chemical Work, Tianjin, China) as the solvent and petroleum ether (analytical grade, Tianjin Chemical Work, Tianjin, China) as the anti-solvent at ambient temperature. Details of the preparation procedures can be found elsewhere [13] . The average crystal size of the products was 80 µm and the polymorph was confirmed to be ε-HNIW by the results of a field emission scanning electron microscope (FE-SEM, Hitachi S-4700, Japan) and X-ray diffraction (XRD, Bruker D4, Cu Kα). AP (Dalian Potassium Chlorate Works, Dalian, China, > 99%) was analytical grade with an average particle size of 30-40 µm. Mixtures of HNIW and AP powders were prepared by mixing the two components in a polished carnelian mortar for 1 h. The mass ratio of HNIW to AP was 1:1 or 1:2.
Thermal analysis
A Netzsch STA449C (Selb, Germany) and Netzsch-QMS403C (Selb, Germany) were used for thermal analysis. The ionizing electron energy of the Netzsch-QMS403C was 70 eV. The inject ion pressure of the quartz capillary gas connector was 1 bar and the capillary temperature was 200 °C. The gas cell and gas tube between the TG-DSC and MS remained at 200 °C.
A ~1 mg sample was placed in an alumina crucible with a pin-hole in the lid and heated from 30 to 500 °C. α-Al 2 O 3 was used as the reference sample. High-purity argon was used with a gas flow rate of 20 mL·min . The Kissinger and Flynn-Wall-Ozawa methods were used to obtain kinetic parameters based on the non-isothermal data [12] . The thermal decomposition process of the HNIW/AP mixture was monitored by MS on-line at a heating rate of 10 °C·min 
Results and Discussion
TG-DSC
The TG-DSC curves of neat HNIW, HNIW/AP (1:1), HNIW/AP (1:2) and neat AP at a heating rate of 10 °C·min −1 are shown in Figures 1 and 2 . Figure 1 shows that there is a single mass loss process for neat HNIW, two for AP and three for the HNIW/AP mixtures. The first mass loss step for the HNIW/AP mixtures was ascribed to the thermal decomposition of HNIW since the onset and end temperatures of the first mass loss of the HNIW/AP mixtures were at about 229 and 255 °C, respectively, which are almost the same as those of neat HNIW [14] . The second and third mass loss steps were caused by the low-temperature decomposition (LTD) and high-temperature decomposition (HTD) of AP, respectively [15] . The onset and end temperatures of these two steps had decreased compared to those of neat AP, suggesting that the thermal decomposition process of AP is catalyzed by the presence of HNIW. The related temperatures of the thermal decomposition of the various samples are summarized in Table 1 . Figure 2 shows that the first exothermic decomposition peak of the HNIW component was at about 249 °C, and had changed little compared to neat HNIW. The addition of AP to HNIW caused a relatively strong decrease in the exothermic peak area, resulting from the decrease in the mass ratio of HNIW in the mixture.
The DSC curve of neat AP showed that there was an endothermic peak temperature of about 244 °C, which was ascribed to the transition from the orthorhombic to the cubic phase since there was no change in the mass of AP [16, 17] . The addition of HNIW to AP caused the endothermic peak to become weaker. The position of the endothermic peak of HNIW/AP (1:2) had shifted to 242 °C, and was hard to distinguish in the case of HNIW/AP (1:1) since the endothermic peak of AP was covered by the exothermic peak of HNIW. Two exotherms with maximum peak temperatures of 309 °C and 350 °C respectively are assignable to the LTD and HTD of AP, corresponding to the two mass loss steps in the TG curve. The onset temperature of the LTD process of neat AP was 285 °C, and shifted to 282 °C and 277 °C for HNIW/AP (1:2) and HNIW/AP (1:1), respectively, as shown in Figure 2 . The second exothermic peak of AP became weaker for the HNIW/AP mixture and was covered by the first peak compared to neat AP. The LTD and HTD steps of AP became blurred in the presence of HNIW, and the end temperature of the thermal decomposition of AP decreased in the DSC curves, as tabulated in Table 1 , suggesting a catalytic effect of HNIW on AP. To − onset temperature of thermal decomposition, Te − end temperature of thermal decomposition, Tp − peak temperature of thermal decomposition, EK − apparent activation energy, Ak − pre-exponential factor, γK − linear correlation coefficient. The Kissinger method [18] was used to calculate the apparent activation energy E K and pre-exponential factor A based on the data in Figure 3 . The activation energies of other samples were also calculated by the same method, as shown in Table 1 , and are close to the activation energy E o obtained by the Flynn-Wall-Ozawa method [19] .
Non-isothermal analysis
The values of E α,i at various conversion degrees α i (conversion degree is the mass ratio of the reacted substance to the starting material) calculated by the Ozawa method show that the value of E, which is about 160 kJ·mol
, has changed little in the range 0.1<α< 0.4. Therefore, it was reasonable to investigate the decomposition mechanism in this range or the thermal decomposition of the HNIW component.
Five types of methods (Ordinary integral [20] , MacCallum-Tanner [21] , Coats-Redfern [22] and Šatava-Sesták [23] and Agrawal [24] ) were introduced to determine the most probable kinetic model function. Forty one types of kinetic model functions [20] and the data α i and T i from the TG-DTG curves at different heating rates from Figure 3 were substituted into the above five equations to calculate the values of E, A, γ and Q (standard mean square deviation). Some statistical criteria, such as γ and Q, were applied to decide the most probable mechanism function, G(α). The values of A and E obtained by the Kissinger method were also applied to evaluate the validity of G(α).
The results indicated that the first mass loss step, or the thermal decomposition process of the HNIW component in the HNIW/AP (1:1) mixture, can be described by an Avrami-Erofeev equation with
, which is the same as that of neat HNIW, suggesting that this step is controlled by nucleation and subsequent growth. It may be inferred that AP has little effect on the thermal decomposition of HNIW.
MS analysis
The non-isothermal, thermal decomposition processes of HNIW, HNIW/AP (1:1), HNIW/AP (1:2) and neat AP were monitored by MS on-line at a heating rate of 10 °C·min Table 2 . The onset temperatures for the various samples detected by MS were higher than those obtained from the TG-DSC results by about 10 °C, as shown in Tables 1 and 2 , probably due to the gas tube between the TG-DSC and the MS spectrometer. After the addition AP to HNIW, the ion current numbers had changed little, while the intensity of the gaseous products produced from the HNIW thermal decomposition had decreased, which is similar to the results obtained from the DSC curves in Figure 2 . A decrease in the exothermic peak area caused by the HNIW thermal decomposition was observed after the addition AP to HNIW. The ion current intensity of each gas product produced two peaks for neat AP, corresponding to the LTD and HTD processes. These two processes gradually merged into one on increasing the amount of HNIW, as shown in Figures 5 and 6 . The onset temperatures for almost all of the ions decreased, and the AP decomposition process became shortened in the presence of HNIW, suggesting a catalytic effect of HNIW on AP decomposition.
Conclusions
The thermal decomposition of HNIW/AP mixtures was studied by TG-DSC-MS. The TG-DSC study showed that the thermal decomposition of HNIW was hardly affected by the presence of AP. The non-isothermal kinetics results showed that the thermal decomposition reaction mechanism function for the HNIW component of the HNIW/AP (1:1) mixture conformed to the Avrami-Erofeev equation, with the factor of nucleus growth n = 1/3, which is the same as that of neat HNIW. The LTD and HTD processes of neat AP gradually merged into one with increasing amounts of HNIW. The onset and end temperatures of AP decreased in the presence of HNIW, suggesting a catalytic effect of HNIW on AP decomposition. These results were supported by the MS results. 
